Abstract: The synthesis is described of macrocyclic poly( -methylstyrene) (PAMS) by the lithium naphthalide initiated polymerization of AMS followed by high dilution end to end coupling with 1,4-bis(bromomethyl)benzene (DBX). The cyclization is carried out by simultaneous addition of tetrahydrofuran solutions of the PAMS dianion and DBX at about -100ºC. A sample of the matching linear PAMS is obtained by protonation of the PAMS dianion. The purified cycles are obtained by fractional precipitation that is monitored by size exclusion chromatograhy. A careful study of the coupling reactions carried out at high concentrations indicates that coupling is efficient and this is borne out by the ratios (<G>) of apparent molecular weights (MW's) of cycles and matching linear polymers. The <G> values of the cycles tend to vary with MW in the same manner as was demonstrated for polystyrene and other vinyl polymers and increase from around 0.74 at MW of about 30000 to values of around 0.82 at MW of about 2500. A higher apparent <G> value was observed for a very low MW PAMS but this sample could not be purified and analyzed adequately. As was also observed for other macrocyclic vinylpolymers, the glass transition temperatures of the cycles are MW independent above MW of about 5000 but decrease sharply at lower MW's.
Introduction
The synthesis and properties of macrocyclic polymers, macrocyclic polystyrene (PS) in particular, has been a topic of increased interest in recent years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Thus the synthesis of macrocyclic PS by cyclization of hetero-bifunctional end functionalized linear precursors has been reported [10] [11] [12] [13] [14] . We have recently reported that low molecular weight (M n < 5000) macrocyclic PS prepared at -100 ºC by the lithium naphthalide initiated polymerization of styrene and cyclized with 1,4-bis(bromomethyl)benzene (DBX) or dibromomethane (DBM) [10, 15] shows an enhanced near UV emission the origin of which is being studied [15, 16] . Thus the synthesis and properties of the analogous but sterically more encumbered poly(.-methylstyrene) (PAMS) is of interest.
However there are a number of differences between these two polymers. For instance the Li ion mediated polymerization of AMS in tetrahydrofuran (THF) at -78ºC gives predominantly syndiotactic PAMS [17] whereas the PS under these conditions is largely atactic [18] . Also low polymerization temperatures are crucial for the synthesis of macrocyclic PAMS as AMS has a relatively low ceiling temperature that may lead to depolymerization in the highly dilute (10 -4 -10 -6 M) solutions required for cyclization [19] .
Most well defined macrocyclic vinyl polymers have been synthesized via coupling of two-ended living polymer dianion precursors at low anion concentrations with difunctional electrophiles at ambient temperatures [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Although the anionic polymerization/cyclization method is rapid and synthetically convenient, one of the main difficulties with this method is the presence of highly reactive dianion polymer precursors that, at least at ambient temperatures, may be partially protonated or otherwise terminated. These reactions are especially serious during the end to end cyclization reactions that are typically carried out at ambient temperatures and at very low anion concentrations (10 -4 -10 -6 M) that favor the formation of highly reactive free anions [20] . Also the coupling of PS dianions with reactive dihalides such as dibromomethane may lead to metal-halogen exchange and subsequent side reactions [15, 16] .
We [10] , and others [1, 11] have shown that, above a degree of polymerization (DP) in excess of about fifty, the glass transition temperatures (T g 's) of macrocyclic PS and poly(2-vinylpyridine) are molecular weight independent and identical to that of high MW PS. At lower DP's the T g values rapidly decrease below a DP of about 40 although the T g 's of the macrocycles are still between 7 and 20ºC higher than those of the corresponding isobaric linear polymers [10] .
It has also been shown that the ratios <G> of the apparent SEC MW's -and thus of hydrodynamic volumes -of cyclic over that of isobaric linear polystyrene or poly(2-vinylpyridine) increase from values of 0.73 -0.76 for DP's in excess of 70 to higher values as DP's decrease, typically reaching values in the order of 0.80 -0.90, or even higher below a DP of about 20 [2, 5, [8] [9] [10] [11] 13] . This effect that may be due to the inability of the smaller rings to contract as efficiently as the more flexible linear polymers, makes it much more difficult to evaluate the purity of low MW cycles by size exclusion chromatography (SEC).
Here we report the synthesis and end to end cyclization of poly(.-methylstyrene) at the low temperatures necessary to allow polymerization as well as end to end coupling so that the SEC and thermal characteristics of the PAMS rings are similar to those obtained for PS, the steric effects of the .-methyl groups notwithstanding [21] . However, in contrast with the PS case, the emission spectra of linear and macrocyclic PAMS's are identical.
Results and discussion
In order to test the yield of the coupling of the PAMS dianion precursor with 1,4-bis(bromomethyl)benzene (DBX) a reaction was first carried out at -78 0 C at high (10 -2 M) rather than the low anion concentrations used in synthesizing the macrocycles. These reactions typically gave the expected step polymerization products that were a high multiple of the PAMS precursor indicating that the yield of the coupling reaction was high and that there was no evidence for the occurrence of side reactions such as eliminations under these conditions.
The polymerization of AMS is a reversible reaction, and has a ceiling temperature (T c ) of 64.5ºC at a monomer concentration of 1.0 M with ∆H and ∆S values of -35.1 kJ/mol and -104 J/(molÂK), respectively [19] . The equilibrium monomer concentration [M e ] calculated from Eq. (1) is 1.1x10 -4 mol/L at -78ºC and is 6.8x10 -6 mol/L at -100ºC. As the concentration of carbanion varied between 10 -4 and 10 -6 M during cyclization it was necessary to perform the cyclization reaction at around -100ºC. After completion of the cyclization no monomer could be detected by SEC/UV in the unfractionated product. As the equilibrium AMS concentration under our conditions is calculated to be about 7x10 -6 M the fraction of monomer is estimated as about 0.02 wt.-%. Fig. 1 shows typical SEC curves of unfractionated and purified cyclic PAMS with a number average MW of about 4500 and its linear precursor of the same MW. The elution volume of the main peak of the unfractionated cyclic polymer, as expected, is larger than that of the isobaric linear polymer since the cycle has a smaller hydrodynamic volume than its linear precursor (Fig. 1a) . The ratio of the apparent MW's of the peak MW (M p ) of the macrocycle divided by that of the linear polymer is 0.78 which is quite consistent with that found for cyclic and linear polystyrenes of this MW [2, 5, 10, 11, 13] . In addition Fig. 1a shows the presence of a relatively broad and multimodal distribution of a much higher MW "polycondensate" formed by a combination of inter-and intra-molecular coupling reactions. The relative yield of the macrocycle, calculated from the relative SEC peak areas of the cycle and the high MW polycondensate, was about 75 %. The end distance in this relatively low MW precursor is small so that the intramolecular cyclization competes effectively with intermolecular coupling. Thus cyclization yields tend to decrease with increasing MW (Tab. 1). T g,c in ºC The half widths of the unfractionated cyclic polymer and its linear precursor shown in Fig. 1a are identical, indicating that the content of linear polymer in the unfractionated cyclic polymer is low (<10%) [8, 9] . The ratio of apparent peak MW's of linear and macrocyclic polymer (<G> value) in this case is 0.78 which is in line with reported values given the relatively low MW (Tab. 1). The cyclic polymer shows the presence of a small high MW shoulder at about 14.3 ml that corresponds to what would be the expected elution volume of the cyclic dimer formed by one inter-and one intramolecular coupling sequence (Fig. 1 ). Such small (few percent) shoulders are often observed and are attributable to the cyclic dimer formed by one inter-and one intramolecular reaction.
Tab. 1. <G> values and
These cycles may be partially or completely removed by fractional precipitation of the higher MW polymers. The SEC of the purified macrocycle shows that the shape, width and peak position are virtually identical to those in the unfractionated cyclic polymer, indicating that the fractionation was efficient and did not compromise the molecular weight distribution of the macrocycle (Fig. 1b) . Fig. 2 shows typical SEC curves of unfractionated PAMS and its linear precursor with a much higher MW of about 30500. In this case the higher MW polycondensate fraction is larger and the SEC yield of the macrocycle is only about 30 % (see below). At the same steady state anion concentration the relative amounts of these higher MW products are expected to increase with increasing precursor MW, in accord with expectations [24] .
The peak shape and width of the unfractionated cycle is again similar to that of its linear precursor, with the peak being shifted towards higher elution volume, consistent with the formation of a macrocyclic polymer without significant amounts of contaminating linear PAMS. The <G> value of 0.74 is lower than for the PAMS with a MW of 4500 consistent with what has been observed for PS and poly(2-vinylpyridine) (P2VP) [2, 5, [8] [9] [10] [11] 13] . The peak at around 12 ml is again due to the cyclic dimer (see above). Fig. 2 . SEC curves of unfractionated macrocyclic PAMS (solid line, M n = 30500, Tab. 1) and its linear precursor; cyclic dimer is visible at 12 ml
The degree of contamination of the macrocycles by isobaric linear polymers can be estimated from the loss of functionality of anion or coupling agent as a result of side reactions. For the simple case of spontaneous anion termination, for instance by loss of hydride or protonation by THF, the fractional probability for termination at both chain ends varies with the square of the overall probability of anion termination. Thus for the case of 10 % anion termination the resulting fraction of linear precursor in the cyclic polymer is 1 % which is below the limit detectable by SEC. Even at 30 % overall loss of functionality the resulting probability for precursor anion termination at both chain ends would be on the order of only 10 %. Under such conditions large amounts of higher MW linear polymers are formed [23] but these can be removed via fractional precipitation and the remaining cycles should be substantially free of linear contaminants. Scheme 1. Possible side reactions in the DBX mediated end to end cyclization of the PAMS dianion It would seem that a large degree of spontaneous anion termination, for instance through hydride loss or solvent protonation, is not a significant problem. For instance, UV/visible studies of PAMS, Li in THF even at -78ºC, have not shown any termination even after several hours. However, the termination via other pathways involving side reactions of the carbanion with DBX is possible, for instance via lithium halogen exchange [25] . The resulting halogenated chain ends would be subject to elimination as well as the desired substitution reactions (Scheme 1). This elimination would give rise to styrenic chain end polymer impurities that absorb and emit strongly in the near UV [26, 27] . However UV/visible as well as fluorescence spectroscopy of the purified PAMS cycle was identical to that of the linear matching polymers and gave no indication for the formation of such species. Furthermore the above SEC results indicate that the coupling reactions are close to quantitative and do not give rise to the formation of major proportions of linear PAMS impurities.
The higher molecular weight fraction ("polycondensate") formed by multiple combinations of inter-and intra-molecular couplings is expected to be a mixture of higher molecular weight macrocyclic and linear polymers (Fig. 2) [23] . The peak at about 12.1 ml corresponds to that of the cyclic dimer and is more prominent than for 
1 LiX CH 3 + the case of the low MW PAMS undoubtedly as a result of the much higher precursor MW that favors intermolecular coupling.
The ratio of linear and cyclic polymers in the remaining broad multimodal MW distribution mixture depends on the overall degree of termination of the functional groups involved in the coupling reactions and on the number of coupling reactions giving rise to a particular high MW polymer [23] . Thus the proportion of linear polymers in the high MW fraction increases sharply with the degree of anion termination and with the number of coupling reactions as the chance of termination increases with the number of such reactions [23] . However as indicated above, higher MW linear and cyclic polymers can be removed via fractional precipitation and the remaining cycles should be substantially free of linear contaminants. We also synthesized a low MW macrocyclic PAMS with a MW of about 1100. The main SEC peak of the crude cyclization product after the cyclization reaction is much broader than that of the precursor (Fig. 3) . In contrast to the other cyclization products in this case, there is no clear maximum corresponding to the monocycle but a broader peak that encompasses apparent molecular weights both smaller and larger than the precursor. Thus there is a peak at around 16.40 ml and at around 16.75 ml neither of which corresponds to the linear precursor at 16.60 ml. This very small difference in elution volumes is due to the documented increase of <G> values to values above 0.90 at very low MW's and this makes it difficult to rule out the presence of linear impurities by SEC. However as there was no evidence for extensive anion termination in any of the above reactions this seems unlikely here also and the rather broad peak at 16 to 17 ml appears to indicate the presence of the intended macrocycle and cyclic dimers that were present in smaller quantities for the cases discussed above.
The apparent large fraction of the dimer rings in Fig. 3 may be due to a low rate of formation of monocycles as a result of ring strain in this very small MW cycle. Thus intermolecular coupling competes effectively with precursor cyclization. The broad MW distribution corresponding to the "polycondensate" in this case would contain more linear polymers than for the above polymers because of the larger number of coupling reactions of the very low MW precursor. For instance assuming that the apparent MW maximum at around 13.5 ml corresponds to a linear polymer, the apparent MW of about 15,000 of this polymer would indicate that its formation required about 15 coupling reactions. Thus the chance for deactivation of chain ends or DBX to halogen exchange and elimination and similar side reactions is expected to be significantly larger (Scheme 1).
Tab. 1 summarizes the MW's, MW distributions and <G> values of the PAMS cycles and illustrates a typical pattern. Starting at a high DP of about 300, the <G> values are about 0.74 -0.76 until a DP of about 40, below which there is an increase to a <G> value of 0.82 at a DP of about 25. Similar increases in the value of <G> at lower degrees of polymerization have been observed for PS [1, 2, 5, 10, 13] , for P2VP [8] [9] [10] and for macrocyclic block copolymers such as polystyrene-blockpolydimethylsiloxane (PS-PDMS) [28] , polystyrene-block-poly(2-vinylpyridine) (PS-P2VP) [29] , and for macrocyclic PS synthesized by cationic ring closure [11] .
As shown in Fig. 4 and Tab. 1 there is essentially no change in the T g of macrocyclic PAMS (170º C) as the DP decreases until a DP of about 40, after which t here is a rapid decrease to a T g of 135º C at DP of 25. The T g of macrocyclic PAMS of a DP n of 40 is about 17º C higher than that of isobaric linear polymer but the T g of the smallest ring (DP n of 21) is only about 6º C higher than that of the matching linear PAMS. This effect is very similar to that observed for PS and is not well understood [10] .
Force field molecular calculations on PS and PAMS rings of DP' s between 12 and 24 indicate rather flat elliptic doughnut type rings with most of the phenyl rings being oriented in pseudo-equatorial fashion. A few phenyl groups are oriented toward the ring interior leaving a significant unoccupied volume inside the ring cavity. The model especially in the smaller rings indicates appreciable ring strain as indicated by larger bond and dihedral angles that indicate torsional strain. Thus the medium and large size rings (DP > 40), have a flexibility that may approximate that of high MW linear polymers. However conformationally they are very different from the isobaric linear polymers. Because of the constraints of the ring and what appears to be less efficient packing the lower MW macrocyclic PAMS's (DP < 40) may have a greater free volume than the isobaric linear polymers and this effect may also play a role in reducing the T g ' s of extremely low MW rings. Howe ver it should be stressed that these calculations were done at a relatively low level that did not take pi-pi repulsions into consideration.
Due to what appears to be less efficient packing and anticipated lower degrees of entanglement, the thermo-mechanical properties of polymer cycles are likely to be quite different from that of the linear polymers. Such studies are currently being carried out. 
Experimental part
Reagents .-Methylstyrene (AMS, 99%, Aldrich) was purified by vacuum distillation from CaH 2 followed by distillation from a potassium mirror. 1,4-Bis(bromomethyl)benzene (DBX, 97 % Aldrich) was triply recrystallized in chloroform followed by drying on the vacuum line for 2 days (m.p. = 146.8ºC). Purified AMS and 1,4-DBX were stored in vacuo at -20ºC in evacuated ampoules equipped with breakseals.
Polymerizations-cyclizations
A modified apparatus for the synthesis of linear and macrocyclic PAMS is shown in Fig. 5 . The apparatus is connected to a high vacuum line with all of the stopcocks being opened. After evacuation (10 -5 Torr) and flaming about 430 ml purified THF stored over K-Na alloy is distilled through the vacuum line into flasks A, B and C cooled to -100ºC with pentane liquid nitrogen until they contain about 80, 300 and 50 ml THF, respectively. Stopcock J is closed, the apparatus is disconnected from the vacuum line and all of the stopcocks were closed. The breakseals of three ampoules F (coupling agent), O (lithium naphthalide), and R (AMS) are broken. Flask D is cooled to -30ºC. With vigorous magnetic stirring in the flask D, stopcock Q is opened, and about 3 g of AMS in flask E is slowly distilled into the polymerization flask D over about one hour. In order to minimize the formation of a (high molecular weight) solid polymer "ring" formed by direct monomer condensation-polymerization onto the area just above the polymerization solution, the top of the polymerization solution is kept just above that of the coolant. The polymerization temperature is then lowered to -100ºC with a liquid nitrogen/pentane bath. Stopcock N is opened, and about two thirds of the precursor solution is poured into flask C, pre-cooled to about -100ºC. The stopcock N is then closed and the flasks A, B, and C are placed in a large 
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pentane/liquid nitrogen bath S to keep the three flasks at temperatures below -100ºC. The PAMS dianion precursor in flask D is terminated to form the matching linear PAMS by addition of methanol from ampoule P. A needle connected to highly purified argon is then inserted into septa G and L and some gas is allowed to fill the spaces above the stopcocks H and M. Stopcocks H and M are briefly opened, allowing a small quantity of argon to enter the flasks A and C whose internal pressures are calculated as about 0.05 atm. If the internal pressures of flask A and C are too high, the high pressure differences between flasks A and B and between flasks C and B would make it difficult to adjust the flow rates of reactant solutions. Stopcocks I and K are opened allowing the solution of living precursor in C and coupling agent solution in A to flow very slowly into the cyclization flask B in such a way that a faint red color of the PS dianion precursor persists, corresponding to anion concentrations between 10 -4 -10 -6 M. A pentane-liquid nitrogen bath that keeps the polymerization and cyclization temperatures at about -100 ºC but above the melting point of THF that is -106 ºC. 
Fractionations
These were carried out by addition of incremental amounts of methanol to the crude PAMS cyclization product dissolved in toluene. Thus the crude product THF solution (about 400 ml) was reduced to about 20 ml via evaporation. Soluble side products such as LiBr were removed by slowly adding this polymer-THF solution into about 200 ml stirred methanol. All of the polymer precipitated while the salt remained in solution. After filtration the crude cyclic PAMS ( § 2 g) was dissolved in about 200 ml toluene and methanol was slowly added to this solution with vigorous stirring until the solution became cloudy. After allowing the cloudy solution to settle (2 -3 h) the bottom layer was removed with a pipette and he supernatant solution was analyzed by SEC in order to monitor the removal of the high MW fraction. After that, an additional aliquot (3 ml) methanol was added into the solution followed by SEC analysis. This procedure was repeated until the high MW fraction was removed completely without changing the peak MW from that in the unfractionated product. Then the purified cyclic PAMS was obtained from the top layer by evaporation. The PAMS samples were dried in a vacuum oven at 50 -60ºC for at least three days.
Characterization
Size exclusion chromatography (SEC) was carried out at room temperature with THF as the carrier solvent at a flow rate of 1 ml/min using a Waters Model 510 pump, a Model 410 differential refractometer and two "Ultrastyragel" 500Å and 10 4 Å columns calibrated with polystyrene standards (Polysciences). The MW's of PAMS were determined by the universal calibration method using the reported Mark-Houwink parameters for PAMS in THF [22] . Thermal analysis was carried out as reported elsewhere [10] .
